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REVIEW OF LITERATURE PERTINENT TO FIRE-EXTINGUISHIRG AGENTS

AND TO BASIC MECHANISMS INVOLVED IN THEIR ACTION

By George' Fryburg

STUMMARY

Literature relating to fire-extingiishing agents was reviewed
in order to ascertaln the extent of present kmowledge and to deter-
nmine what research might lead to the development of more efficient
agents for extingulshing fires In alroraft.

An analysis of the existing data was made with respect to the
relative extinguishing effectiveness of different substances and
the baslc mechanlisms involved 1n the actlon of extinguishing agents.
Five basic actions of fire-extinguishing agents were enumerabed
and discussed. It appears that mechanical action, blanketing actilon,
and chaln-breaking actlon are the most limportant factors in
extinguishing by gaseous and liquid agents.

Recommendations for research were mede on the basls of the
enalysis. Information on the relatlive extinguishing effectlveness
Indicates that organic halogen compounds will most probably yield
the more powerful extinguishing agents.

INTRODUCTION

The problem of reducing the fire hazard in aircraft 1s of
paramount importance. If this hazard is to be minimized, maximum
effectiveness in fire extinguishing must be achieved. Research
and development in this field have been sponsored and conducted by
the Civil Asronautics Administration, the Air Force, the Bureau of
Aeronautics, Department of the Navy, and other government and
private laboratories. Although these investigations have been
extenslve, the majority have been predominantly applied rather than
fundamental. Emphasis has been placed on such factors as methods
of application of extingulshing agents, optimum rates of appli-~
catlon, and minimm effective gquantities required. A preliminary
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survey of the alroraft-fire problem by the NACA Lewls laboratory
staff (reference 1) indicates that a better understanding of the
baslc actions of fire-extinguishing agents is still needed.

It 1s gonerally essumed that the effect of fire-extinguishing
agents can be explalned on the basis of the following actlons:

1. Cooling action, which lowers the temperature of the com-
bustible below its ignition temperature

2. Blanketing actlion, which prevents alr from reaching the
fire and results in a dilution of the oxygen content of
the surrouwndings :

3. Mechanical action, which results from directing the agent
acrogs the fire with sufflicient force to cut the flame
away from the combustible

Studles in the recently developed field of chemical kinetics,
however, indicate that certain. substances are capeble of exerting
an Inhibiting effect on the combustion reactions. This chemical
action is not completely understood and has not yet besen extensively
utilized in the search for better fire-extinguishing agents.

A review of literature pertinent to fire-extinguishing agents
wag mede abt the NACA Lewls laboratory and is presented herein.
The obJect of this review 1s to collect the widely scattered and
heretofore unrelated facts concerning extinguishing agents, and
to appraise and to correlate these facts in order to obtain some
insight into the nature of the fundamental actions of exbinguishing
agents, particularly in regard to chemical actlions as distinct
from physical or mechanical actions. The ultimate aim of this
roview is to indicate reglons in which further research would be
advantageous to aild in the discovery of more powerful agents for
extinguishing gasoline and oil fires in slrcraft.

CRITICAL PRESENTATION OF DATA

Information pertinent to fire-extingulshing agents may be
obtained from numerous widely diversified investigations, some of
which have been conducted for the express purpose of studying fire-
extinguishing phenomena. The majJority of these investigations,
however, have been conducted with other purposes in mind, the
information applicable to fire extinguishing being incldental,
Consequently, these data mmst be oritically viewed before being
applied to the problems of fire extinguishing.
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For the sake of clarity, the most significant results are pre-
sented under the following six main headings; classification is
made on the baslis of the type of phenomenon under investigation:

1. Extinction of diffusion flames

2. Effect of addltives on limits of inflammabili‘by. of come-
bustibles

3. Effect of additives on ignition temperatures of combustible
mixtures

4, Effect of additives on velocity of propagation of flame in
cambustible mixtures

5. Direct application of fire-extinguishing agents to test
Tires

6. Kinetic studles of combustion reactions

Extinction of ..Dif'fusion Flames

The first experiments pertinent to flre extinguishing were
probebly the flame tests of Cavendish, Priestley, and others.
(See references 2 and 3 for surveys of this early work.) These
experiments consisted elther in burning a Jjet of combustible gas
in a closed vessel and analyzing the residual atmosphere at auto-
extinction, or in plunging the flame into prepared mixtures of
oxygen or alr, and nitrogen or carbon dioxide. It was discovered
in both cases that a limiting oxygen content existed, below which
combustion could not be supported. This limit of oxygen content
was found to be dependent on the nature of the combustible gas, on
temperature and pressure, and when the extingulshing atmosphere
was created by mixing oxygen or alr with nitrogen or carbon dioxide,
on the nature of the extinguishing gas. This dependence on the )
nature of the extinguishing gas i of interest in fire extingulshing
and 1s discussed In a subsequent section.

A more practical procedure for investigating the effect of
the extinguishing ges was developed by Rhead (reference 2)-and
adopted by Dufraisse and coworkers (references 4 to 7). The appa-
ratus employed gas streams and consisted of a small burner, to
which fuel could be supplied at any desired rate, placed coaxially
in a large glass cylinder. Air, also supplied at any desired rate,
was Introduced at the bottom of the cylinder and flowed up around
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the flame. The extinguishing gases or vapors to be investigated
could be added in known amounts to the alr feeding the flame, and
it was therefore possible to determine the percentage of gas that
must be added to cause extinction of the flame. The method per-
mitted fine adjustment and control, and the flame could be studled
in all its phases under varied conditlions. The results, however,
are sensitive to a mumber of experimental factors. (See refer-
ences 2 and 8 for a more detailled discussion.)

Data obtained by Dufraisse, Vielllefosse, and Le Bras (refer-~
ence 4) by using this method with a flame of 1llumlnating gas are
reproduced in table I. The authors drew the following conclusions
from these data:

1. In general, the chlorides are less active extinguishers
than the bromides, and the bromides are less actlve than the
1odides.

2. The function of the halogen element is complex, as the
activities of the substances. have little relation to their halogen
content.

3. The formation of the halogen acid or fres halogen 1s not
the cause of fire extinguishing by the halogen-contalning substances.

It should be noted that gases and vapors that are inflammable
in air under ordinary conditions are capable of extingnishing
flames in the previously described apparatus, and that no attempt
has been made to distinguish between those substances listed in
teble I that are inflammable and those that are not. This fact
must be considered when appraising the preceding statemsnts.

By using the previously described experimental procedurs,
Dufraisse and Le Bras (reference 5) investigated the mechanisms by
which these substances extinguish a flame of 1lluminating gas under
constent conditions. Information was obtained for the different
extinguishing substances by sampling the residual gases of com-
bustion when the flame was almost at the extinction point. The
samples were taken at a point a few centimeters ebove the tip of
the flame and were analyzed for oxygen, nitrogem, carbon dioxide,
and carbon monoxide. Thus, 1t was ascertained that the extinguishers
previously studied could be classified into two categories:

(1) those that lower the residual oxygen content below that value
necessary for extinction obtained when the inert gas, nitrogen,

is used as the extinguishing gas, and (2) those that maintain it
above this value. This classification seems rathrer arbitrary, but

1252
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on that basls the lnvestlgators concluded that the substances of
the group that maintained the oxygen tontent above that obtalned
for nltrogen, of which carbon tetrachloride is an example, functlon
by inhibiting the combination with oxygen. The substances that .
maintained the oxygen content below that obtalned for nitrogen, of
which ethylbromide 1s an exemple, appeer to increase the combi-
nation to the point where nearly all the ambient oxygen is consumed.

Le Bras (reference 8), using carbon tetrachloride and ethyl-
bromide as examples of these two classes, extended these studles
to flames of other combustibles. In a careful Investigation of
the experimental variables involved, he Tound that the percentage
of carbon tetrachloride required for extinction varied erratically
with the veloclty of the alr stream, and Increased greatly with an
increagse in the veloclty of the cambustible gas. Ethyl bromide
did not show such a variation. The dependence of the effectivensss
of carbon tetrachloride on the veloclties casts doubt on the sig-
nificance of the results for the relatlive extinguishing efficien-
cles of the different substances given in table I.

In addition, Le Bras determined the percenteges of carbon
tetrachloride and ethylbromide necessary to extinguish flemes of
& number of combustlble geses and vapors and also the percentage
of residual oxygen in the combustlon gages when the flams was .
maintained at & condition near extinction. For the seke of com~
rarison, similar data were determined using the inert gas, nitro-
gen, as the extingulshing gas. These date are reproduced in
table II. The percentage of oxygen In the extinective mixture of
nltrogen and oxygen is given in the fourth colummn. This percent-
age may be thought of as the minimum oxygen content, below which
cambustion cannot be supported. All percentages are on & volume
baBiB. '

An examination of these data shows that for carbon tetra-
chloride the extingulshing percentages vary greatly from one gas
to another, yet no apparent commnection exisis between the
extinguishing percemtages of carbon tetrachloride and of nitrogen.
As nitrogen probably acts simply as a dlluent and coolant, Le Bras
concluded that soms additional actions must be involved in the
case of carbon tetrachloride. The percentage of residual oxygen
usually remained somewhaet greater than the minimmm oxygen content
for the flames studied.

In the case of ethylbromlde, the results are completely dif-
ferent. The proportion of extinguisher varied little, remaining
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about 6 percent, and the residual oxygen content in the neighbor-
. hood of extinction was decreased to a value of approximately 2 or
3 percent.

Inasmuch as ethylbromlde behaved the sems towerd flames of
different caombustibles, Le Bras studlied in detall 1its effect on
hydrogen. The use of hydrogen simplified the composition of the
residual gases; any carbon dioxide or carbon monoxide found was
attributable only to the ethylbromide, and 1t was relatively easy
to determine the degree of decomposition or combustlion of the
ethylbromide. ILe Bras determlned the verlation of the composition
of the residual gas as a function of the ethylbraomide that was
added to the air stream. These results are deplcted in figure 1.

From these results, Le Bras calculated that the ethylbromide
wag from 80 to 90 percent decomposed and that the proportion of
hydrogen burned gradually diminished as the percentage of ethyl-
bromide increesed. He-concluded that the ethylbromide carried on
the extinction of the flame by consuming the oxygen and by forming
a8 sheath of deoxygenated air around the flame. This method of
extinction of a flame is similar to that observed in the case of
Inflammable veapors.

For carbon tetrachloride, the phenomena are much more complex,
and the nature of the cambustible 1s of prime importance. Detalled
Investigations were conducted with three different combustibles.
In the case of a hydrogen flams, the resulis were complicated by
reaction between the hydrogen and the carbon tetrachloride, which
yielded hexachlorobenzene and tars. For a flamse of illuminating
gas, the results were complicated by the fact that the combustible
wvas a mixture whose constltuents contribute to the formation of
carbon dloxide and carbon monoxide in the residual gas. Approxi-
mete calculations indicated, howsver, that carbon tetrachloride
extinguished a flame mainly by a cooling effect, coupled with a
slight inhibiting effect. In the case of a carbon-monoxide flame,
the extinguishing percentage of carbon tetrachloride was quite
small (2.5 to 3 percent). Analyses of the residual geses, with
inoreasing amounts of carbon tetrachloride in the air astream,
showed that the percentage of oxygen tended to increase slowly, to
about ‘13 percent, although the minimum content necessary to support
combustlion was only 9.8 percent. ILe Bras therefore concluded that
the extinction produced must be by an inhibiting effect. This
effect wes especially pronounced 1f the carbon monoxide and the
alr were both dried; the extinguishing percentage of carbon tetra-
chloride was then only 0.685 percent.

1252



NACA TN 2102 7

Dufralsse and Germen (reference 9) imvestigated the extinctive
effects of powders of several sodium and potassium salis on flames
of different combustible gases and showed that the extinguishing
effect of these salts cannot be fully accounted for only on the
basis of cooling action and the possible liberation of an extingulsh-
ing gas by chemlical decomposition in the flame. They used a simple
aerrangement of a flame placed coaxially in a glass cylinder. - Air
was Introduced at the base of the cylinder at a velocity sufficient
to carry along the powders but not sufficient to have any blowing-
out effect on the flame. A lateral piston allowed projection at a
desired velocity of a known dose of powder into the air stream.
The results are presented in table IIT.

From these data, Dufraisse and German made the following
observations: )

1. The "supporters” of combustion (salts that can liberate
oxygen upon decomposing) that are most sensitive to heat (KC10s,
NaCl03, and EC104) behave either as activators of the combustion
(hydrogen and 11lwminating ges flemes) or as extinguishers (methane
and carbon-monoxide flames), according to the temperature of the
flams,

2. The supporters of combustion that are less sensitive to
heat (KNOz and NaNOz) extinguish all the flames tested.

‘3. Some of the supporters of cambustion are better extinguishers
than elther the inert substances (telc and NapS0,) or the substances
that can liberate gaseous extinguishers (NaHCOz, KHCOz, NapB407+10H20,
and NepSO4°10H20). For imstance, potassium nitrate (ENO3) is,
according to the flame considered, from two to thirty-five times
more active than sodium bicarbonate (NaHCOz), the most highly
reputed of the pulverized extingulshing agents In common use.

4. In splte of being more resistant to heat, potassium bicarbon-
ate (KHCOz) is much more efficient than sodium bicarbonats.

It was therefore concluded that the extent of decomposition
of these salts In a fleme is slight and that the extinguishing
effect 15 caused .primarily by some negative catalytic effect of the
uniecomposed salt.
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Effect of Additives on Limits of Inflammability of Combustibles

In 1817, Humphrey Davy (reference 10) performed experiments
concerning the influsnce of hydrogen chloride and sillicon tetra-
chloride on the lower explosion limit of hydrogen and oxygen.
Since that time, a great nmumber of experimenters have lnvestligated
substances that can prevent the explosion of combustible gases and
vapors in ailr. The first extensive ssarch for such substances was
begun by Jorissen (references 1l and 12) around 1920. It had been
known for some time that many vapors of organic substances, even
in small quantities, exerted a marked influsnce on the lower
explosion limit of phosphorous, and Jorlissen therefore concluded
thaet similar substances might decrease the explosion limits of com-
bustible gases and vapors. Working with methane-alr mixtures,
Jorissen (references 13 and 14) investigated the effect of various
chlorine derivatives of methane, ethane, and ethylene on the limits
of Inflammability.

For his Inflammabllity tests, Jorissen used small burettes,
25 centimsters long and 1.6 centimeters in dieameter, placed in a
vertical position. Platinum electrodes, placed 5 millimeters apart,
wore situated in the top of the burettes. Ignition was effected by
& spark; propagation of the flame was in a downward directlion., The
effect of the chlorine derivatlves on the limlts of inflammsbility
of methans was quite startling In comparlson to the sffect of the
"inert" gases (helium, argon, nitrogen, and carbon dioxide); small
additions produced & marked narrowing of the limits. Similar
results were obtalned with explosive mixtures of carbon monoxide
and ai:;* hydrogen and a:Lr, and actylene and air (references 14
apd 15

In a direct attempt to find a substance that, when present in
small quantities, would exert a complete retard.ing action on
methane explosions, Jorissen (reference 16) investigated some 250
different substances. Fifty compounds, whose names were not glven,
were found that prevented explosion of a 10-percent methane-alr
mixture.

Jorissen showed, however, that Information of this type was
ingufficient to pick effective extinguishing agents. In order to
obtain a complete insight into the extinguishing effectiveness of
a substance, the entire explosion region must be determined.
Jorissen (references 16 and 17) determined this region for a
number of the previously mentioned SO substances, using burettes
ldentical with those he had used in his experiments with the
organic chlorine derivatives (references 13 and 14). He presented
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his results in a simple graphical manner (fig. 2), in which the

volume percentage of the added gas in the origlnal atmosphere is
plotted as a function of the volume percentage of the methane in
the total mixture.

The figure for lsobutylchloride shows the necessity of
investigating the entire explosion reglon before conclusions can
be drawn concerning the extingulshing effectivensss of a substance.
Inasmuch as only 2 percent of lisobutylchloride ls necessary to pre-
vent a lO-percent methane-air mixture from exploding, it would seem
that thls substance must possess a strong extlinguishing action.
Actually, the lower explosion limit of methane is extended by the
isobutylchloride, which is inflammeble ltself between the limits
of 4.1 and 14.2 percent. The curve for ethyliodlde ghows the
characteristics of an effective extingulsher. Ethyliodide in a
concentration of 5.3 percent prevents explosion in all posgsilble
methane-alr mixtures.

This experimental procedure and graphical representation
offers a method by which a quantitative measure of the relative
extinctive effectiveness of different substances can be obtained.
It is necessary only to determine the percentage of the given sub-
gtance required to render noninflammable all mixtures of scme
glven combustlble substance Iin alr. Those substances that are
required in the smallest percentages are the most effective. The
different substances Investigated by Jorissen are arranged in
table IV in order of decreasing effectiveness. The volume per-
centages 1n the original atmosphere necessary to prevent explosion
in all methane-alr mixtures are also given. These results show
that certain halogen-containing compounds have a greatly enhanced
aptitude for provoking extinction when compared with the inert
gases,

In the course of investigations pertaining to the promotion
. of safety, the Bureaun of Mines in the Unlted States and the Safety
in Mines Research Board in England have done a considerable amount
of work on the limits of inflammability of gases and fuels. This
work has Included studies of the effects of certaln additives upon
these limits.

The first. study was that of Coward and Hartwell (reference 19)
on the effect of the inert gases on the inflammability limits of
methane~-alr mixtures. The limits were determined in an atmosphere
of ordinary air, mixed with lncreasing amounts of the added gas.
The deslign of the apparatus used for determining the inflemmability
limits wes based on the results of Coward and Brinsley (refer-
ence 20) , obtained in their classical experiments on the limits of
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inflamability of combustible mixtures. The apparatus consisted
of a vertlcal pyrex tube 180 centimeters long and 5 centimeters in
diameter. The bottom end was covered with a ground glass plate.
Ignition was effected from below by sliding back the plate and
pessing a small alcohol flame across the opening. A given mixture
was consldered inflammable if the flems traveled to the top of the
tube. Coward and Brinsley defined inflammebility as the property
of a mixture to propagate a flame indefinitely, and showed that
inflammeble limits, determined as previously explalned, were a
property only of the mixture; that is, they were independent of
the shape end gize of the contalining vessel and of the means used
for ignition. (See reference 20 for a complete discussion.)

The results of these experiments, along with the resiults of
other work done by the Bureau of Mines and the Safety in Mines
Research Board on the influence of additives on methane-air mixtures,
are glven in table V. Identical apparatus was used in all this
work. In table V, the gases are arranged in order of decreasing
extinguishing effectlvensss as measured by the volume percentage:
of added gas in the original atmosphere necessary to bring the
1imits into coincidence. Coward and Harbtwell (reference 19) con-
cluded that the relative extinguishing effects of carbon dloxilde,
nitrogen, and argon could be explained in the basis of thelr rela-
tive heat capacities, the gas of greater heat capaclty having the
greater extinguishing actlion. The abnormal behavior of hellum,
which has a heat capacity equal to that of argon, was ascribed to
its exceptionally high heat conductivity. As a result, these
investigaters concluded that the followlng factors were malnly
responsible for the extinction of flame: (1) reduction of oxygen
content by diluent gas (primarily affects the upper limit),

(2) thermal capacity of diluent, and (3) thermal conductivity of
diluent.

The position of water in this table indicates that it too
probahly extinguishes primarily by a cooling action. Carbon tetra-
chloride and dichlorodifluoromethene illustrate that certain
halogen~-containing compounds have & greatly enhanced aptitude for
provoking extinction, as shown by Jorlssen. A comparison of
these results with those of Jorissen (table IV) shows that the
percentages necessary to prevent inflammation in all methane-air
mixbures obtained by the Bureau of Mines are larger than the per-
centages obtained by Jorissen. Coward and Jones (reference 21)
severely criticized the small apparatus and expsrimental technique
used by Jorissen. In part, this critliclsm seems Justified. It is
certain that with the small diameter tube (1.6 cm) used by Jorissen,
the coollng effect of the vessel walls was not eliminated. Also,
because of the short length of the tube (25 cm), the flame was not
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given a long enough "run" to enable observers to Judge whether it
was self~-propagating when 1t had lost the initlal Impulse due to
the source of ignition. In addition, Jorissen used downward propa-
gation of the flame rather than upwerd propagation. All these
factors tend to make the inflammable region smaller, and thus
result in a smaller value for the percentage of extinguishing gas
than is necessary to prevent Inflammatlion. Jorlssen's tests there-
fore d1d not give a true measure of the inflammsbility of the
mixture, but were a function of the apparatus. Nevertheless, the
results are consistent within themselves, inasmuch as identical
apparatus was used in all the determinations. As a result, thelr
use for a comparison of the extinguishing action of the substances
studied 1s not invalldated.

The Bureau of Mines investigated the effects of additives on
the iInflammeble 1limits of many combustible gases other than methane
(reference 24). These results are summarized in table VI. The
extinguishing effect is expressed as the volumes of extingnishing
gas necessary to render noninflemmable one volume of combustible
gas under all conditions. The last column, which shows the relation
between the volumes of carbon dioxide and nitrogen required to pro-
duce noninflammable mixtures, 1s of speclal interest. All these
ratios are close to the average value 0.57 for the various come-
bustidles investigated. An explanation of this fact is found in
the thermal theory of extinctlon suggested by Coward and Hartwell
(reference 19). If it is assumed that the flame~propagating tem-
perature for the different combustibles 1s 1400° C, the mean molar
heat capacity between 250 end 14000 C can be calculated to be
7.46 calories per °C for nitrogen and 11.85 calories per °C for
carbon dioxide., If the extinctive effect of the added gas is due
entirely to 1ts heat-absorbing capaclty, then the relative efficiency
of the two gases for extingulshing flames should be proportional
to their heat capacities and inversely proportional to the volumes
required to extinguish one volume of the combustible. The ratio
of the heat capacities for nitrogen and carbon dioxide is 0.63, in
close agreement with the average ratio of the volumes glven in
table VI, which seems to confirm the thermal theory of flame
extinction in the case of nitrogen and carbon dloxide for a large
variety of combustibles.

An extensive investigation in search of more effective fire-
extinguishing agents was recently conducted at Purdue Universilty.
The same procedure was used as that developed at the Bureau
of Mines., The combustible used was n-heptane mixed with alr,
Experiments were conducted with pressures in the explosion
tube ranging from 300 to 500 millimeters of mercury. Jones




12 NACA TN 2102

and Kennedy (reference 25) have shown that the inflammable
limits of natural gas (79.6 percent CH4, 19.2 percent C2Hg, and
1.2 percent N2 by volume) are scarcely.changed by reduction of
pressure to values as low as 200 millimeters of mercury. It was
agsumed that heptane would behave similarly. The results of the
Purdue University investigation, as of August 1948, are given

in teble VII. Substances are arranged in order of decreasing
effectiveness.

The following conclusions were drawn from the data obtained
from the Purdue University investigation:

1. Within a series of similar compounds, the extinctive
efficiency increases with the molecular welght. This increase 1s
1llustrated by the following campounds:

Compound | Moleculer welght | Percent by volume
CFy 88 26
CoFg 138 13.4
C4F10 238 9.8
C7F16 388 7.5

The relation is not linear, but levels off with increesing molecular

welght.

2. The relative effects of halogen substitution on extinction
properties follows the series I >Br >Cl > F, which is illustrated
by the following compounds: .

Compound |Percent by|Compound [Percent by |Compound |Percent by
volume volume volume
CFy 26 CHzBr 9.7 CH2Cl, high
CClFz 12.3 CHzI 6.1 CH,BrCl 7.6
CBI‘FS 6.1 Cﬂzﬁl’z 5.2 .

Inasmch as the following exceptions to the generallzation

expressed in the second conclusioq exist;

Compbund Percent by Compound Percent by
volume volume
CHF % 17.8 CClFZCHBrCH3 6.4
CFy 26 CFzCHBrCHz 4.9

1252
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1t may be that certaln groupings are more effective than others.’
For example, -CFz >-CHF; >-CClFy; > -CBr¥s.

g
Effect of Additives on Ignition Temperatures
of Combustible Mixtures

Conslderable research haes been conducted concerning the
effects of additives on the ignition temperatures of combustlble
gaseous. mixtures. Certaln substances, when added In small amounts
to such mixtures, produce a decrease in the inflammability of the
mixture, as indicated by an increase in the ignition .temperature.

In England, the Explosives in Mines Research Conmittee has
sponsored the search for such substances. The first results
reported were those of Dixon (reference 26). Dixon, upon & sug-
gestion of Richard Vernon Wheeler, investigated the effect of
ethyliodide on the ignition temperature of msthane. Tt was found
that the ignition temperature of a fire demp-air mixture (in a
closed silica vessel) was raised 125° C (from 6340 to 759° C) by
the addition of ethyliodide in a concentration of two parts
per thousand., In addition, it made no difference whether ths
iodine was introduced as free iodine, ethyliodide, or any other
compound conbaining lodine. Nearly similar effects were obtalned
wlth a bromide.

These investlgatlons were extended Iin parallel experiments
by Naylor and Wheeler (reference 27) and by Coward (reference 28).
Naylor and Wheeler employed an experimental method whereby an
inflammable mixture was rapidly admitted to an evacuated vessel of
quartz heated to the desired temperature. The lowest temperature
of the reaction vessel that caused the mixture to inflame, no
matter how long after its admlssion, was recorded as the ignition
temperature of the mixture. The results on the effects of various
addlitives are summarized in table VIII. These results were all
obtained with a 5.8-percent methane-air mixture. -

Each of these substances ralsed the ignition temperature, the
degree of elevation varying with the amount present. In table VIII,
the maximum ignition temperature is recorded, with the amount of
substance that produced it.

The "concentric-tube"” apparatus of Dixon and Coward proved
more sultable for investigations of this type. In this apparatus,
e stream of combustible ges ls passed up a heated tube fixed In
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the axis and opening into the center of a large silica cylinder up
which a stream of alr or oxygen ls flowing. A furnaece surrounds
this cylinder so that the alr may be heated to the same tempera-
ture as the fuel. In an experiment, the flow of combustible gas
is not started until the alr stream has- attained the desired tem=-
perature. With this procedure, the time lag for ignition can be
measured. Ignition occurs at the point of mixing of the gas
streams; the measured ignition temperatures therefore are not
influenced by effects taking place on the walls of the vessel,
which is a desireble condition. The inhibitors to be studled are
added to the air stream.

1252

Dixon ard Coward investigated the effect of iodine on the
ignition temperatures of methane, hydrogen, and carbon monoxide.
The results for methane, which were typlical, are plotted in fig-
ure 3.

For methane, the optimmm increasse in the ignition temperature
(approximately 700 C) occurred at an lodine concentration of about
0.03 percent, althongh 0.01 percent was néarly as effective. With
hydrogen 1in air, the effect of 0.0l1- to 0.03-percent lodine was
less marked, but addition up to 0.15 percent ralsed the ignition
temperature about 70° C. In the case of carbon monoxide (dry),
the lignition temperature rose more rapidly than with hydrogen, and
with 0.062-percent iodine was beyond the limit of the furnace
(928° C), which amounted to & rise of more than 2300 C,

The ignition points of methane In alr contalining ethyliodide
were also investligated, but did not show much resemblance to those
in air containing free iodins. The highest point, however, was
the same and occurred for the same concentration of iodlne. This
same maximm temperature was also obtained using methyliodide.

The ignition points of methane In alr containing ethylene-
bromide, isoamylbromide, and bromobenzene were determined. The
results are reproduced in figures 4, 5, and 6, respectively.

These substances behaved as powerful inhiblitors. Their
effects were nearly equal for an equlvalent concentration of
bromine up to about 0.1 percent, at which point the increase in
ignition temperature waes sbout 100° C, It therefore appears that
bromine is more efficient than iodine., Further small additions
of bromine compounds to the alr produced a smell rise in ignition
temperature; but with greater amounts, the three inhibitors dif-
fered 1n that ethylenebromide had & maximum effect at a concentration
of about 0.3 to 0.4 percent; whereas the other two inhibitors
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continued to show an Increasing effect. The difference was
explained by the interaction of the inhibitors with the oxygen of
the alr before the atmosphere reached the Jet. The large rise of
ignition temperature when only 0.1 or 0.2 percent of the bromide
was present in the alr must, however, be almost entirely due to
the bromine.

A8 a result of Jorissen's experimenits with phosphoryl chloride
(reference 17), Dixon and Cowerd also investigated the effect of
this compound (reference 28), It was found that phosphoryl
chloride raised the ignition temperatures of the methane, but that
the maximum increase was less than half (about 45° C) that of the
bromine compounds. The maximum occurred at a concentration of
gbout 1 percent of phosphoryl chloride.

Tetraethyl lead was investligated because of 1ts strong anti-
knock characteristics. The curves were of the same type as those-
of l1soamylbromide and bramobenzene, and were interpreted in the
same way. The inhibitory effect, however, was found to be only
about one-helf that of the bromine compounds, although the inorease
wlth concentration was about the samse.

Dixon and Cowerd also investigated the effect of the inert
gases, nitrogen and carbon dloxide, on the ignition temperature of
methene. These gases caussd an Increase in the ignitlion point, as
would be expected, but the effects were very small in comparison
wilth the increase produced by traces of bromine compounds and lodine.

Certaln metallic salts have a marked effect upon the ignition
of combustible gaseous mixbtures. For instance, 1t has long been
Imown that the gas from a blast furnace can be burned regularly
only after elimination of the. potassium salts that it holds in
suspenslon. Also, sodium and potassium salts have long been used
as antiflash substances for preventing ertillery muzzle flams.

Prettre (reference 29) showed that small concentrations of
alkall halide salts ralsed the ignition temperature of carbon
monoxide ~ air mixtures. Jorissen and coworkers (references 30
to 32) investigated the effects of powders of 140 different sub-
stances on 10-percent methans-air mixtures. They found that the
best substances for preventing explosion were the halides and
carbonates of sodium and potassium. Halldes of calcium and barium
were also falrly effectlve.

Muraour and Michel-Lévy (reference 33) have shown that this
oxtinguishing effect of alkall metal salts is due primarily to
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some specific actlion of the salt, and not just to a cooling effect.
A combustible gaseous mixture was produced by ccmbustion of powered
nitrocellulose in a Viellle type bamb. The approximate composition
of the gas was: 35-percent carbon monoxide, 17-percent hydrogen,
17-percent carbon dioxide, ll-percent nitrogen, and 20-percent water,
In this type bomb, the products of combustion escape through a
1l-millimeter hole and normally ignite upon contact with the alr.
Mursour investigated the effect on the lignition of plcrates of the
alkali metals, the alkaline earths, and the heavy metals. Picrates
were chosen hecause they are explosive. The salt was mixed with
the nitrocellulose and, when exploded, liberated the metal at a
high temperature, thereby eliminating the cooling action of the
salt. Muraour found that 10 percent of potassiwm plcrate sufficed
to prevent all inflemmation of the escepling gas. Of the other
plcrates studied, only those of rubidium and cesium showed any
antiflame action. Muraour concluded that the extinguishing effect
In this case was due to some actlion of the alkall metel,

Effect of Addlitlives on Veloclity of Propagation
of Flame in Combustible Mixtures

A completely satisfactory theoretical treatment of the velo-
city of flame propagatlion is still forthcoming. It is clear, how-
ever, that the velocity of the chemical reaction involved is of
decided importance. Consequently, the effect on the veloclity of
propagation of flame offers a method of investigating substances
guspected of being Inhibitors of the.combustion reactions. This
method has been confined almost entirely to the lnvestigation of
the effects of antiknock substances.

Antiknock substances appear to be powerful inhibitors of the
g8low oxidation reactions of most hydrocarbons, but their use in
fire extinguishing is limited because they are highly inflaemmable
and, when present in high concentration, the free radicals that
are liberated probebly accelerate the fast oxidation reactions
occurring at high temperature. It is possible, however, that anti-
knock substances might be useful in fire extinguishing if added in
small amounts to other extinguishing agents.

The only substance possessing fire-extinguishing potentialil-
tles that has been investigated by its effect on the velocity of
propagation of fleme is phosphoryl chloride. Jorissen (refer-
ence 34) has reported some results of Coward on the effect of
phosphoryl chloride on the veloclty of flame propagation in a 9.8-per-
cent methane-air mixture; these resulis are presented in table IX.
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It is evident that phosphoryl chloride has a marked decelera~-
ting effect upon the flame spesed.

Direct Application of Flre-Extinguishing Agents to Test Fires

The mogt direct method of investigating the fire-extinguishing
potentialities of different agents is by direct application to
test fires. ZExtensive investigations of this type have been con-
ducted. The CAA has recently run a serles of tests on fires under
gimilated £light conditions in different radial-type alrcraft
engines (reference 35). The purpose of these tests was to deter-
mine the efficlency of various fire-extingulshling agents when
applied to gasoline and oll fires occurring in both the power and
accessory sections of alrcraft power plants, and to determine for
each agent the guantity required, the rate of application necessary,
and the optimm methods of distribution. Eight different extinguish-
ing agents were Investlgated under conditions of comparable rates
of applicatlion. With respect to extinguishing effectiveness, the
results given in table X were obtained.

.Concerning these results, the following statement is made in
reference 35: "This method of comparison is essentlally quali-
tative, as attempts made to compare the agents on a quantitative
basis could only be approximate.” DPerhaps a more gquantitative
comparison is obtained from the date glven in table XI taken from
the game report. It appears from this table that methylbromide is
a better extingulshing sgent than carbon dioxide or the other
agents.

The German navy and air forces (reference 36) made similar
investigations with a commercial mixture of monochlorobromomethane
consistling of 82-percent monochlorobromomethane, S-percent methylene-
chloride, and 9-percent methylenebromide, which was mixed with
carbon dioxide in percentages of 65 to 35, respectively. These
investigations showed that only 12~ to 15-percent concentration
wvas required to extinguish a standard gasoline wind-tumnel test
fire, which compared with 45~percent concentration required for
carbon dloxide alone and 15-percent concentration of methylbromide.
Thus, monochlorobromomethane seems to be slightly better than
methylbromide as a fire-extinguishing agent, and both are better
than carbon dioxide. '

The C-0-Two FPire Equlpment Compeny conducted laboratory
investigations (reference 37), the results of which indicate that
monochlorobromomethane is many times more effective as an extinguish-
ing agent than either carbon tetrachlorlde or Pyreme. Small pan
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fires of gasoline were used as test fires, and were extinguished
by uvsing & laboratory wash bottle and a l-quart, standard hand fire
extingulsher. The pans were placed in a hood, the ventilating fan
of which was cut off during the fire test. The results are given
in table XII. These results are only semiquantitative at best,

but show that monochlorobromomethene is a better extingulshing
agent than carbon tetrachloride.

Oliver C. de C. Ellis (reference 38) has recently conducted
experiments to determine the fire-extinguishing potentlialities of
nmethyliodide. He found that in all cases where carbon tetrachloride
wag effectlive, methyliodide was equally effective, but with only
one~fifth of the quantity required for carbon tetrachloride. In
experiments with large water-bornme gasoline fires (40 sq ft and
more), carbon tetrachloride was a complete fallurs, as was a satu-
rated water solution of ammonium iodide and.methylenslodide.

These substances burned in the flames. Under a spray of methyl~
iodlde, however, the gasoline flames broke, wilted, and wlthered.
Pan fires of ether, methylated spirits, and white spirit, which
could not be extinguished by carbon tetrachloride, were swiftly
gquelled by methyliodide, indicating that methyliodide is much more
effective than carbon tetrachloride as an extingulshing agent.,

The experiments cited are but a fraction of those that have
been performed. They include, however, most of the compounds that
have been tested by direct applicetion, and from them the different
extinguishing agents may be arranged in a general way accordlng to
thelr fire-extinguishing effectiveness. In order of decreasing
effectliveness they are: methyliodide; monochlorobromomethans;
methylbromide; carbon tetrachloride; carbon dloxide; and sodium
and potagsium carbonates. Although methyliodide has been campared
only to carbon tetrachloride, it has been placed @bove monochloro-
bromomethene and methylbromide because it appeared so much more '
effective than carbon tetrachloride.

In the Purdue University investigation, experiments were per-
formed with several gaseous extinguishing agents in conjunction with
the inflammable-limits experiments. A small iron cup was used, £illed
to about one-half its capacity with n-~heptane, placed within a
l-liter beaker. A sample of the gaseous agent was collected over
water In a graduated cylinder. The heptane was ignited and the
extinguishing agent was introduced at the bottom of the beaker at
a constant rate. The volume of the gas required to put out the
fire was measured, and the results are presented in table XIII.

The volumes of the gaseous materials represent the average cf



2821

NACA TN 2102 . - .19

gseveral determinations.: It 1s evident that methylbromide is more
effective than carbon dioxide when both are applied as gases.

The experiments of Thomas end Hochwalt {reference 39), although
performed scame 20 years ago, still remain as the only investigations
in -which comparative values of extinguishing agents have been
meagsured in a quantitative memner by using the method of direct
application to test fires. Known quantities of all the water-
soluble metallic salts were dissolved in water, and the influence
these salts hed on the fire-extinguishing effectiveness of
water 1n quenching gasoline fires wes Investigated. The apparatus
consisted of a light metal fire pan mounted on an adjustable plat-
Torm and placed inside a metal hood, which served to exclude drafts.
A thermocouple was placed in the back of the pan above the gasoline
level. A test extingulsher, which discharged the extinguishing
agent under a constant pressure of nibrogen, was also mounted in
the hood. Fires were started by throwing a lighted match onto the
gasoline, and the result of a test was considered to be positive
if the fire was extinguished. The test was repeated with solutions
of various concentrations until the minimum concentration that gave
a posltive result was determined. By glving special attention to
leveling the fire pan and aiming the extinguisher, by carefully
£11ling the pan to the same level in each test, by always allowing
the thermocouple to heat up to the same temperature (270° C) before
turning on the extinguishing agent, and by carefully cleaning and
drying the fire pan between tests, Thomas and Hochwalt were gble
to obtaln satisfactory reproducible results, which are presented
in table XIV.

These results were guite unmusual. The investigators found
that the extinguishing qualities of water were greatly enhanced
by salts of the alkall metals, but were unaffected by salts of the
other metals. Also, the effectiveness increased with the atomic
welght of the alkali metal present, as shown in teble XV. TFurther-
more, the effectiveness of the alkall metal salts was decidedly
influenced by the nature of the radical attached to the alkali
metal. DPeculiarly, radicals that have oxygen in them have &
greater extingulshing effect than those without oxygen. Some
examples of this effect are given in table XVI. From this fact,
plus the fact that potassium permangenate and dichromate are among
the most effective potassium salts, it appeared that any oxidizing
agent might demonstrate this enhancing effect upon the extinguish-
ing qualities of water. Tests with lodic acid, perchloric acid,
and chromic acid, however, gave only negative results, although
concentrations as high as 10 normal were used. It therefore seems
that the alkall metal is essential to this extinguishing effect.
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Organlc compounds, as a rule, were very effective extinguilshers,
and the degree of their effectiveness was proportlonal to their
oxygen content. For example, the bitertrate of potassium was five
times as effective as the neutral salt. The lnvestigators were
unable to explain these phenomena, and ascribed them to some chemi-
cal or catalytic action.

Rekuzin (reference 40) obtained results consistent with the
preceding results. He found that oll fires were readily extinguished
by the action of 6~ to 8-percent solutions of sodium and potassium
carbonate; whereas solutions of ammonium carbonate, calcium chloride,
barium chloride, sodiwm chloride, ferric sulfate, alum, and emmonium
hydroxide had no effect.

1252

Kinetlic Studies of Combustion Reactions

A large number of kinetic studies have besn made of meny of
the gimpler combustion reactions. Some of these studies have
Included investigations of the inhiblting effect of certain
substances. :

Hinshelwood and coworkers (references 41 to 44) msde an
exhaustive study of the reaction between hydrogen and oxygen. The .
hydrogen~oxygen combination 1s one of the best examples of a
reaction depending upon branching chains and showing the phenome-
non of explosion limits. In the reglon of 550° C, this reaction
exhibits three explosion limits, the first at a pressure of a few
millimeters, the second at about 100 millimeters, and the third at
several hundred millimeters. Below the first limit, the reaction
rate is negliglibly emall; between the flrst and second there is
explosion; above the second limit, explosion glves place to slow
reaction, which rapidly Ilncreases 1n rate as the pressure is
raised until at the third limit there is explosion once more.

The effect of halogens on the reactlion in the low-pressure explosion
region and on the rapid reaction above the second .explosion limit
were investigated (references 41 and 42). In the first case, it
was found that smell gquantitles of a halogen rapidly reduce the
size of the explosion region, and then eliminate it altogsther.
Todine eliminates all explosion when present in a concentration of
0.0022 percent or greater; bromine eliminates all explosion when
present in a concentration of 1 part in 10,000; chlorine is much
less efficient, a concentration of about 1 part in 400 being needed.
In the second case, thet-of the high pressure reaction, there is-
also an inhibition by halogens. At 550° C and a pressure of

450 millimeters (Hz, 300 mm; Oz, 150 mm), the following reductions

in reaction rate were effectsd by iodine:




2gar

RACA TN 2102 . . 21

Concentration of Rate of reaction

Ip, (m Hg) " Ap, (mm/min)
0 . 35
0.0033 14 .

.017 5.4
.033 5.0
.10 5.4
.17 5.2
.33 6.3
.83 8.0
1.33 11.4

Similer, although not as marked, results were obtalned with
bromine and chlorine. It is evident that as the partial pressure
of the halogen is increased, the reaction velocity is at- first
drestically reduced, passes- through a minimum and then slowly
increases, but the valus of the velocity always remains smaller
than it would be with a simple hydrogen-oxygen mixture,

The mechanism of the hydrogen-oxygen reaction is fairly well
established and is of the branched-chain type. Hinshelwood
explained that the action of the halogen inhibitors is due to the
removal of the chain carriers by the simple reaction

H+Ip—>HI + I (1)

The reason for the smaller efficiency of chlorine is that the
rea.ctrion

Cl + H,—>HC + H (2)

can regenerate a hydrogen atom; whereas the corresponding process
1s very improbable with bromine and iodine.

The exlstence of a minimum in the curve of reaction rate
against halogen concentration was shown, by use of reaction bulbs
with different surface-volume ratios, to be due to the acceleration
by the halogen of the heterogeneous reaction occurring on the walls
of the vessel. Thus, the action of the halogen is two-fold:

(1) It inhibits the homogensous gas-phase reaction by removal of
the hydrogen atoms; and (2) it accelerates the heterogeneous
reaction occurring on the walls.

Simiiarly, Hedman, Thompson, and Hinshelwood (references 43
and 44) showed that minute amounts of iodine exert a strong inhibit-
ing actlion in the homogeneous reaction between oxygen and both
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molet and dry carbon monoxide. Norrish and Foord (reference 45)
have shown that at temperatures above 500° C iodine acts as a
powerful anticatalyst to the lgnition of methane. These reactlons
also show the characteristics of branched-chain mechanisms, and
the action of the iodine has been interpreted as one of removal
of the chaln carriers.

The influence of various salts on the combustion reactions
has been investigated by coating the surface of the reaction vessel
with a coherent layer of the salt under investigation. Pease
(reference 46), while studying the slow oxidation of propane and
butane, observed -2 notable increase in the temperature at which,
these gases commenced to oxidize noticeably when the walls of the
reaction vessel were coversd with potassium chloride.

Jorissen (reference 47) investigated the influence of coat-
ings of the alkali halides on methane-oxygen mixtures. He measured
the temperatures at which carbon dioxide could first be detected
after heating the mixtures for 1/2 hour. The lowest temperaturs
at which reaction occurred was 170° C, with a coating of lithium
fluoride; and the highest temperature wes 540°0 C, with a coating
of potassium iodide. The uncoated tube gave reactlion at 250° C.
The temperature of observable reaction was found to rise in the
order 1i, Na, K, Rb, and F, Cl, Br, I.

Willbourn and Hinshelwood (reference 48) investigated the
influence of different salts on the hydrogen-oxygen reaction. The
first and third exploslion limits depend upon the surface, and werse
profoundly affected; but the second 1imit,. which is controlled by
a gas-phase process, was not affected. The results obtained for
the first limlt are given in table XVII. )

It 18 known that the first explosion limit is determined by
chain-breaeking at the walls. As a result, the data of table XVII
may be taken as & measure of the relative chaln-breaking efficiencies
of the various salts. The following relative efficiencies of
anions and certain of the cations in contributing to chain-breaking
were obtalned:

Cations: csS> x's>>  Batt> catt
Anions: I >> F> Br> S04~> C1°

The effect of the iodide lon was particulerly marked.

1252
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The results obtained on the reaction gbove the second limit
and on the third explosion limit were more complex. Lewis and
von Elbe found that salts as different as barium chloride, potas-
sium chloride, potassium metaborate, and sodium tungstats ‘had
practically identical actions (reference 48). They concluded
that the limiting condition had been reached when the chain-
breaking efficiency of the surface was unity. On this hypothesis,
1t was expscted that a number of salts could be found that would
behave in a similar fashion, and that no salt would depress the
reaction rate more than potagssium chloride. The results of Will-
bourn and Hinshelwood, given in the following table, did not verify
this theory:

Temperature, 550° C; pressure, 450 mm Hg (Hz, 300 mm; Oz, 150 mm)

Salt LiCl | NaCl | KC1 | RbCl | CsCl
Rate (mm/min) | 0.65 [ 0.90 | 0.60 | 0.60 | 0.28

It 1s evident that cesium chloride (CsCl) depressed the rate of
reaction appreciably more than any of the other chlorides.

Additional resulis are reproduced in figure 7. From the pro-
ceding teble and figure 7, it is seen that the diversity of behavior
among the salts was conslderable and that the relative effects of
two salts might be different at different temperatures.

It is known that the hydrogen-atam concentration controls thse
rate of branching in the region of the first explosion limit. TIn
the region of the third 1limit, destruction of HO, 1is important.
If HOz reacts with a hydrogen molecule on the surface to give
HZO2 + H, then the subsequent fate of the hydrogen atom so formed
may also determine the observed chain-breaking characteristics of
the surface at these higher pressures. In addition, the salts
with chaln-breaking effectiveness all contained cations (alkali
metals and alkaline earths) that can form hydrides. As a result,
Willbourn and Hinshelwood postulated trensformations of the follow=-
ing type to explain the chain-breaking action of the salts:

ECl + H—> X + HCl (3)
ECl1 + E—>KH + C1 (4)
X + C1—KCl1 (5)

KH + HCl—>KC1 + Hp (6)
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Hydrogen atoms can thersfore be removed without a permenent change
of the salt. The large effect of lodldes was explained by postu-
lating the liberation of minute amounts of lodine, which break the
chalins in the gas phase. .

ANATYSIS OF DATA

Information on fire-extlnguishing agents may be classified
loosely into two major categories in order to facilitate discussion:
(1) information on the relative extinguishing effectiveness of dif-
ferent substances, and (2) information on the actions of Ffire-

extinguishing agents.

Relative Extinguishing Effectiveness of Different Substances

Gaseous and liquid substances. - The most positive method of
obtalning information on the fire-extinguishing effectivensess of
different substances is obviously by direct application to test
fires. As previously pointed out, however, the results obtained
by this method have besn predominantly qualitative in nature. The
method has been used in determining, for the more common extinguish-
ing agents, the optimm conditions for extinguishing different
types of filre. With the exception of the work of Thomas and
Hochwalt (reference 39), which was limited to water-soluble salts,
the method has not been used for a quantitative determination of
the relative efflciencles of substences suspected of possessing
fire-extingulshing potentialities. A4s a result, such information

‘must be obtained from other sources.

The investigation of the effect of additives on the inflam-
mable limits of combustlibles offers a method by which a quantita-
tive rating of different gaseous and 1liquid extinguishing agents
may be obtained. In measurements of this type, however, the
mechanical action of the extingulshing agent 1s inoperative and
the blanketing action is eliminated except for same diluting effect,
which is smaller as the agent 1s more effective. Nevertheless,
the cooling action and the chemical actions are fully operative.

The rating of compounds obtained by this method is therefore only on
the basis of cooling and chemical actions. These are important
actions and the results are quite valuvabls.

Flame-speed studies should yleld results analégpus to
inflemmable-limits studies because the limits of inflammability
are largely determined by the velocity of propagation of the flame.
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Little data obtained by this method are avaeilable, however, which
is undoubtedly due to the difficulty Involved in making precise,
reproducible measurements of flame speeds.

A felrly quantitative rating of gaeseous and liguild extinguish-
ing agents may be obtained from diffusion-flame studies. Le Bras
(reference 8), however, has shown that, for carbon tetrachloride,
the results are an unknown function of the veloclty of the gas and
alr streamgs. This sltuation probaebly exists for many other sub-
stances also, go that relative ratings obtalned by this method are
not very significant. ,

Results obtalned from ignition-~temperature studies on gaseous
and liquid substances are probably not too reliable. It is known
that the ignition temperature of a glven combustible is a complex
phenomenon and cannot be regarded as a physical constant. It is a
function of many varlables, and any determination of it 1s an
empirical procedure. In particular, the ignition tempsrature is
a complex function of pressure; consequently, the effects tkat
additives produce are also affected by presgure. For example,
Townend, Cohen, and Mandlekar (reference 49) have shown that
0.05-percent tetrasthyl lead will raise the ignition temperature
of a 2.7-percent pentane-air mixture 26° C at 1.0 atmosphere, and
1710 C at 1.75 atmospheres. In addition, Schaad and Boord (refer-
ence 50) have shown that the effect of additives is a function of
the composition of the combustible mixture, so that an additive
may increase, decrease, or have no effect on the 1gnition tempera-
ture, depending on the composition of the combustible mixture
involved. Inasmich as the Ignition temperature 1s so dependent
on the conditions under which it 1s determined, it seems necessary
to confine the use of ignition-temperature data to only a quali-
tative Indlcation of fire-sextinguishing potentialities.

It may therefore be concluded that the only available infor-
mation on which to base a reliable rating of the flre-extinguishing
potentialities of different gaseous and liquid substances are the
results obtalned by direct applicatlion to test fires and from
inflammable~limits studlies. The results obtained by the direct
method are qualitative in nature and only a few compounds have
been investigated. As a result, little correlation can be made
between the fire-extinguishing effectiveness of a substance and
its physical and chemicgl properties. The results of the
inflammable~limits studies are quantitative, but measure only the
effect of cooling and chemical actions. These actions, however,
are dependent on the physical and chemical properties of the
different substances and the following conclusions may be drawn
from these data for the different extinguishing agents:
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1. The "inert" geses (helium, argon, nitrogen, water vapor,
and cerbon dioxide) are the least effective of the fire-extingulshing
agents. ,

2. Many substances are much more effective than the inert
gases; practically all these substances contain halogen elements.

3. For analogous organic compouvnds, the effectiveness increases
markedly, going up the halogen series ¥, Cl, Br, I.

4, For a given homologous series, there are indications that
the effectiveness increases with increasing molecular weight,
markedly at flrst and slightly thereafter.

S. For isomeric alkyl halides, there are indications that the
igomer with & secondary-bonded halogen 1is more effective than the
one containing the primary-bonded halogen. No data are avallable
on tertiary~bonded halogen.

Metallic salts. - The mstalllic salts have been used as fire~
extinguishing agents both In water-solution and in powdered form.
The relative effectiveness of the different salts appears, however,
to be the same in elther case. The results of Thomaes and Hochwalt
(reference 39) with water solutions show that only salts of the
alkali metals exhibit any degrese of fire-extinguishing ability and
that the effectlivensss 1s largely determined by the alkall metal,
increasing in the order 1i, Na, K, Rb, Cs. The effectiveness
also varies with the radical attached to the metal and seems to be
greatest for radicals containing oxygen (Crz0,~, Mn0,~, I0z~,
C4H604°, and so forth) and for the halides. These results werse
obtained by direct application to test fires and are quantitative
In nature. .

The applications of powders or dusts to fire extinguishing
are limited because they settle out of the atmosphere fairly
rapidly and thelr extinguishing value 1s thereby lost. The results
of the CAA (reference 35), obtalned by direct application to test
fires, rate powdered sodium and potassium carbonate as less
effective than the common gaseous and liquid extinguishing agents.
No data obtained by this method are avallable for determining the
relative effectiveness of the different powdered salts. All the
information obtained by the other methods indicates, however, as
in the case of the water solutions, that the presence of an alkali
metal is essentlal and that the effectiveness increeses with the
atomic weight of the metal atom. The influence of the radical
involved 1s not so definite, and different experimenters report
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contradictory results. The results of Willbourn and Hinshelwood
(reference 48) and of Dufraisse and German (reference 9) indicate
that the effectiveness of a salt 13 probably dependent on flame
temperatire. Thls dependency may explain the discrepancies in the
order of effectlveness of the radicals obtained by different
methods.

Actions of Flre-Extinguishing Agents

Nature of actions. - The actions by which extinguishing agents
put out fires may be classified into two main groups: (1) physical
actions, and (2) chemical actions. The physical actions include
mechanical actlon, blanketing or diluting actlon, and cooling
action. These actions are described in the INTRODUGTION. The
chemical actions include: (1) chain-breaking, and (2) "preferential-
oxidation." These actions are described in the following section.

The chemical actions are complex. A complete understanding of
them ultimately depends on a complete understanding of the combustion
mechanisms. TIn the case of the hydrocarbon compounds, which are
chiefly considered, the combustion processes are so intricate and
complex that a rational sclientific solution of them is impossible
at present. It has been falrly well established, however, that
hydrocarbon combustions, like the hydrogen and carbon-monoxide com=-
bustions, proceed by branched-chain mechanisms, although it is not
known with certainty what radicals function as the chaln carriers.
The Inhibiting action that minute quantities of the halogens and
other substances have on these reactions can be explained on the
basis of this theory. The action of the inhibitors has hesn
interpreted as one of comblination with or deactivation of the
chain carriers, resulting in a bresking of the reaction chains and
a subsequent partial or complete retardation of the reaction. This
chain-bresaking action 1ls the more Ilmportant of the two chemical
actions of fire-extinguishing agents. The other chemical action,
preferentlial oxidation, which is exhibited by some of the slightly
inflammable extinguishing agents, is the reaction of the
agent with the amblent oxygen and results in a smothering of the
firs.

Little speciflic information 1s available concerning the nature
of the chemical actions. ILe Bras (reference 8) shows that ethyl-
bromide, which is slightly inflammable in air, acts to some extent
by combining with the embient oxygen. Coward and. Dixon (refer-
ence 28) show that 1soamylbromide, which is more inflammeble than
ethylbromide, behaves similarly but also exerts a strong inhibiting
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effect, ILe Bres reports that carbon tetrachloride exerts an
inhibiting action on the combustlon processes, the magnitude of
which depends on the combustible. The exact nature of this
inhibiting action 1s difficult to describe without a lmowledge of
the chaln carriers involved in the combustion reactions.

A. van Tiggelen, of the National Institute of Mines, Liége,
Belgium, attempted a theoretical treatment of the inhibition of the
combustion of methane by alkyl halides. He assumed that the methyl
and hydroxyl radlcals are the most Important chain carriers and
thet Inhibition is effected by chain-breaking reactlions of the type

RX + CHz—>RCHz + X (7)

BRX + CH—>ROH + X (8)
in competltion wilth reactions of the type

R'CHpX + CH;—>CHy + R'CEX - (9)

R'CHX + OH—> Hy0 + R'CHX (10)

which substitute one radlcal for another, but do not break the
chain. He was able to draw only qualitative conclusions from his
treatment because of lack of knowledge of the activation energiles
of the reactions assumed and the amount of dissociation of the
alkyl-halide compounds In the flame region. He therefore con-
cluded that alkyl bromides should be better inhibitors than '
oither the chlorides or the iodides. This conclusion is not in .
harmony with the conclusions drawn herein from the experimental
data that are considered reliasble. The whole treatment is
highly speculative and illustrates the great complexity of the
Problem.

The problem may be simplified to some extent if the combustion
of hydrogen is congidered instead of methane. The mechanism of
the hydrogen-oxygen reaction is fairly well established. It is
known that the rate of branching is dependent on the hydrogen~-atom
concentration. Any ccmpound that would remove hydrogen atoms would
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therefore have a profound inhibiting action upon the reaction rate.
As previously stated, Hinshelwood has explained the inhibiting
action of the halogens on the basis of the reaction

H+Xp—HX + X (11)

Such a hypothesis 1s highly plausible. Bodensteln and Jung (refer-
ence 51), by use of hydrogen atams produced in a Wood's tube, showed
that such reactions are extremely rapid. Similarly, the inhiblting
action of the alkyl halides might be explalned by reactlons of the

. type -
H+RX—>HX +R (12)

Chadwell and Titenl (reference 52), using the Wood's tube method,
investlgated the reactlons between hydrogen atoms and several

of the simpler alkyl halides., Their results are explalned on
the bagis of reactions simllar to reaction (12), and indicate
that reactivity increases 1in ascending the series RF, RC1l, RBr,
RI. Thus, the iodides would be expected to be the best
extingulshing agents, in harmony with experimental fact. In
addition, the products of dissoclation of the alkyl halides,
namely X atams and X5, would also tend to remove the hydrogen
atoms repidly.

It is known that hydrogen atoms occur in hydrocarbon flames
ag a result of pyrolysls of the hydrocarbon. The importance of
these ataoms has recently been emphasized. Tanford and Pease
(references 53 to 55) and Badin, Stuart, and Pease (reference 56)
showed that the flame spsed in car'bon monoxide ~ hydrogen mixtures
and in butadlene is a direct function of the hydrogen-atom con-
centration, but 1s independent of the concentrations of the other
atoms and free radicals. Axford and Norrish (reference S57) have
postulated a mechanism for the oxidation of formaldehyde, which
ococurs as an Intermediate In many hydrocarbon oxidations, involving
only hydrogen atoms and hydroxyl radicals as the chain carriers.
It would therefore appear that any substance that would react with
bydrogen atoms could act as an effective inhibitor of hydrocarbon
combustions ag well as of the hydrogen combustion. The action of
Inhibltora of hydrocarbon combustions may therefore be interpreted
in the same manner as in the hydrogen combustion. This discussion
is all speculative and is offered only as a working hypothesis for
future investigations,
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Relative importance of the different actlons. - Scme, or pos-
8ibly all, of the five actions of fire-extingulshing agents are
operative during the extinguishing of a fire. Evaluatlion of thelr
reolative Importance therefore becomss very complex. The gaseous
and liquid extinguishing agents will be congidered first; and then
the metallic salts.:

The mechanical action is primarlly a function of the method
of application, being dependent on the manner in which the agent
atrikes acrosgs the flame; it 1s probably of major lmportance in
extinguishing most aircraft fires. The blanketing action is mainly
a function of the rate of application bubt also depends on the vola-
tility and the density of the extingulshing agent. The CAA found
that the rate of application 1s the most important factor affect-
ing the ability of an agent to extingulsh fires. From this fact,
i% would seem that the blanketing action of extingulshing agents
is one of the most Important actions.

Cooling action is a function of the physlcal properties of
the agent, that is, heat capacity, thermal corductivity, and the
heat of vaporization, and will be of different magnitude for dif-
ferent agents. The differences 1ln extinguishing effectiveness of
the various "inert" gases (helium, argon, nitrogen,, carbon dioxide,
and water vapor), as measured in inflemmable-limits studies, are
adequately explained by differences in cooling action. The cool-
ing action obviously is also & function of the amount of agent
employed. With most extinguishing agents, except water and highly
compressed carbon dioxide, the amounts used are small and the cool-
~ ing action is of only secondary lmportance.

The Importance of the chemlcal actions are indicated by the
greatly enhanced extingulshing effectiveness of the gasseous and
liquid halogen-containing compounds, as determined in inflammable-
limits studies. These ccampounds have larger specific heats than
the inert gases and the cooling action would therefore be increesed,
but the inorease is not lairge enough to account for the much
greater effectiveness of many of the compounds investigated by
Joriggen. In addition, there is no relation between extinguishing
effectiveness and specific heat among the halogen compounds. This
effect therefors must be derived from strong chemical actions. )

Although the chemical actions appear much more important than
the cooling action, it is difficult to appraise their importance
relative to the blanketing end mechanical actions. Such an
appraisal could be made from a quantitative correlation between
results- obtained from inflammable-limits studles, which measure
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chemical actions (and cooling actlon), and those obtained by direct-
application methods. The Purdue University investigation attempted
such a correlation with several gaseous extinguishing agents.

The experiments were previously discussed and the results given

in table XITI. It ‘can be seen from this teble that, gqualitatively,
the order of effectiveness-is the same for each type of test, but
no gquantitative conclusions may be drawn because of the uncerta.inty
in the results of the direct-application experiments. A further -
substantiation may be obtalned by comparing the order of effective-
ness of the common extinguishing agents obtained from direct-
application methods with the results of. the Purdus University inves-
tigation obtained from inflammable-limits studies of n-heptane, These
results are represented in table XVIII and also display a correla-
-tion. It would therefore appear that the chemical actions are
important, but because of lack of quantitative data it is impos-
sible to determine Jjust how important,

For metal salts, the main actlion appears to be chemical in
nature. This fact is self-evident for water solutlons because the
addition of the salt can hardly produce any marked change in the
cooling and blanketing properties of the water. For dusts and
powders, there is 1little blanketing action; Dufraisse and German
(reference 9) have shown that the extinguishing effect arises pri-
marily from the wndecomposed salt. Muraour and Michel-Lévy (refer-
ence 33) have shown that there is 1ittle cooling action, which is
substantiated by the fact that, for the alkall metal halides, the
compounds with the smallest specific heat are the most effective
‘extinguishing agents. The chemical actlon involved must therefore
be a chailn-breaking action.

Becauge of the importance of the hydrogen atom in hydrocarbon
combustions, the hypothesis of Willbourn and Hinshelwood (refer-
ence 48) for the effect of alkali metal halides on the hydrogen-
oxygen reaction offers a simple explanation for the chain-breaking
action of these metallic salts.

CONCLUDING REMARKS

On the practicel bagis of discovering more efficilemt Fire-
extinguishing agents, an empirical approach will yield the most
immediate results at the present stage of knowledge. From the pre-
ceding analysis, it appears that improvements in extinguishing
agents may come by the discovery of substances that exhibit strong
chemical actions.
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The chemical action of different substances can be rated
quantitatively by inflammable-limits studies. These measurements
are influenced by cooling action and some diluting action, but
these actions should be of secondary importance compared with the
chemical action. They should not, however, be entirely neglected
in the 1nterpretation of the results.

The organic halogen compounds seem to be the most promising
class of compounds to investigate. A systematic survey of a large
number of these organic halides should be made in an attempt to
correlate extinguishing effectiveness with structure and chemical
properties. Studles should be made of the change of effectiveness
of substances in different homologous series., Different 1someric
compounds should be studied to determine the influence of- branch-
ing, of different types of unsaturation, and of change of bond
strength. In addition to the organic halogen compounds, the free
halogens and their hydrogen acids should be evaluated; for the
effect of the organic halogens may be due merely to the liberation
of these compounds, although the results of Dufraisse, Vielllefosse,
and Ie Bras indicate that this is not the case. An investigation
of this type would serve two purposes: (1) From the Information
obtained, it should be possible to draw empirical rules that would
be valuable in selecting compounds for fire-extinguishing agents;
and (2) the information should give a better insight into the
nature of the chemical actions involved.

Although the chemical actions appear to be important in fire
extinguishing, their importance must mot be over emphasized. As was
previously stated, it is impossible at present to give a quanti-
tative evaluation of the significance of the chemical actions rela-
" tive to the blanketing and mechanical actions because no reproduci-
ble quantitative data on the relative efficlencles of different
agents have been obtalned by direct-application methods. It 1s
therefore necessary to develop a standard test fire and a standard
procedure from which such data may be obtained., A comparison of
these results with those obtalned from inflammable-limits studies
would Indlcate how large a difference in chemical action is
required to produce a noticeable increase in fire-exbinguishing
offectiveness. Such information is essential,

The CAA is developing a quantitative test procedure for rating
different extinguishing agents by a direct-application method. A
caomparison of scme of their preliminary results with those the Purdue
University investigation obtained from inflammable-limits studies
displays only a fair correlation and indicates that a rather large



NACA TN 2102 ' ‘ . 33

difference In chemical action 1s required to produce a noticeable
change In flire-extinguishing efficiency. The influence of experi-
mental condlitlions on these results has not, however, been fully
investigated and no general conclusion should he drawn as yet.

No consideration has been taken of the toxiclty of the pos-
gible fire~-extinguishing substances. Llittle is known about the
toxicity of most of the organlic halogen compounds, but 1t 1s known
that the majorlty of them will give off toxlc vapors when applied
to fires. Fortunately, considerable amounts of pungent acid are
formed, and these aclds glve suffliclent warning. This objection,
which applies at present to methylbromide and carbon tetrachloride,
would prohibit the use of theme agents in confined, occupled spaces.
In alrcraft, however, fires in the englnes and wings are by far
the most prevalent.

On the theoretical basis of elucidating the chemical action
of extinguishing agents, the problem is s0 ‘complex and so far from
solutlon that nearly any approach to it will yield valuable infor-
mation. Of prime importance, of course, is the solution of the
.mechanisms of hydrocerbon combustions and the determination of what
radicals act as the chaln carriers.

At present, only the mechanism of the hydrogen combustion
reaction is well understood. Kinetic studies of this reaction in
different temperature reglons, employing different organic halldes

. a8 Inhibitors, should yield valuable information pertinent to the
actions of extinguishing agents. Also, an extension of ILe Bras®
experiments on the hydrogen flame to other halides In edditlon to
ethylbramide should give significant results.

Spectroscopy has provided a valuable technique for the elu-
cidation of combustlon processes, end 1t should yileld valuable
Information if applied to extinguishing. The effect of different
Inhibitors on the absorption spectra of different cambustibles at
elevated temperatures should yleld pertinent data, as should the
effect of different inhibitors on the emission spectra of flames
of different combustibles.

For a final quantitative treatment of extingulshing, it will
be necessary to know the energles of activation of -the vario~
posslble elementary reactions involving the organic halides aun
the chain carriers in the ccmbustion reactions. Information con-
cerning bond strengths in these compounds will be reguired, as
wlll information sbout thelr dissociation in the region in front
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of a fleme. Such information is so difficult to obtain, and tech-
niques are so camplicated, that the best approach at present would
probably be to confine attention to the hydrogen and methane com-
bustions, and to inmhibition by some of the gimpler alkyl halides
"or the halogens themselves. For these compourds, some of the
neceasary facts are already avallable.

Lewis Flight Propulsion Laboratory,
"National Advisory Committee for Asronautics,
Cleveland, Ohio, September 27, 1949.
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TABLE I - EXTINCTION CONCENTRATION OF
VARIOUS SUBSTANCES FOR FLAME OF
ILLUMINATING GAS BURNING IN AIRA
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Extinguishing Amount added to
substance alr stream
{(percent by volume)
Ng 55
CO2 40
CHzC1 20
CHoC1iCHoC1 16
CCly 16
CHC1=CHC1 13
CHC1=CClg 13
CC1lp=CClg 13
CoH5C1 13
CHzBr 10
CC1zCHCly 10
CeHs5C1 10
CgHgBr 9
CH3CH2CHSC1 8"
CH3CHC1CHz 8
CH3I 7
GHC1oCHC1o 7
CoHgBr 7
CHoBro 7
CH5=CHCHoBr 7
CHzCgHy4Br (p) 7
{(CHz )2 (CH3.CH2)=CC1 6
(CHz )3=CC1l 6
CHz (CHg )oCHoI 6
CHzCHoCHoBr 6
CH3CHBrCH3 6
CHQBI'CHzBI‘ 6
CoHgI 5
(CH3z ) oCHCHoCHoBr 5
CHzCHICHz 5
CHpIo 2.5
HC1 40
HBr 20
HI 10
Clg 50
Bro 10
Is 2

3From reference 4.




TABLE II - EXTINGUISHIEG PERCENTAGE OF NITROGEN, CARBOR TETRAOHLORIDE AND ETHYLBROMIDE FOR FLAMES
OF VARIOUS COMBUSTIBLES®

Veloeity of Ng 0014 GoBEgBr
flow of N
Combustible| combustible | Amount for| Minimum Residual |Amount for| Residuasl | Amount for| Residual
.jextinetion| oxygen oxygen |exbtinebtion| oxygen |extinction oxygen
(percent | (parcent {percent {percent (percent (percent {percent
by volume)|by volume)}| by volume)|by volume)| by volume) by volume)| by volume)
Hg §0 1b/hr 76 .2 3 70 18 8 2
co 186 1b/hr B3 0.8 8.1 2.8 19.5 8 2.8
CH4 12  1b/hr 35 13.6 8.3 845 13,7 5.6 .8
Illtminatbing
ghs 30 1b/hr 80 8:4 6.8 26.6 16 8.4 1.8
OgHg 30 gm/hr 31.2 14.5 13,3 545 13.8 6.2 2
CgHECH3 22 gm/hr 21.8 1644 16 5 18.6 8 2.4
CHpOgHsO0Hy |18  gm/nr 17 17.6 16 2.6 17.5 5.8 2.6
CHz0H 15.6 gm/hr 53.8 13.9 13.8 11.2 18.3 5.9 4,
OH5 CHoOH 12.3 gm/hr 26.2 16.5 13,8 8 18 B.7 346
CHz (OHp )gOE |14 gm/hr 27.4 15.2 15.8 6 16.5 B.2 4.2
CHg{CH2)30H |15.2 gm/hr 28,5 15 13.4 5.8 16.8 5.1 3.6
CSq 42 gm/hr 55 0¢5 15.8 4 18.8 4 1.8

3fpom reference B.

¢01¢ NL YOWN
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TABLE III - EXTINCTIVE EFFECT OF POWDERS ON FLAMES OF HYDROGEN,
ILLUMINATING GAS, METHANE, AND CARBON MONOXZIDE2

Powdered Decomposition data - Minimum dose
extinguishing . for extinction
substance ' (mg/1iten)b
tested .
Temperature Products Hg| I1lumin- CHy | ©CO
(°c) ating gas
NaHCOgz 100 NasC03, Hg0, COf 700 450 100| 300.
KHCO3 170 KoC0s, Ho0, COp | 250/ 100 --=| 30
KC10z 350 KCL, Og - 444 ++ 50| 5
NaCl0z 370 NaCl, Oo ++ ++ 150 50
KC104 400 KC1, Og 4+ ++ . go| 30
KNOz 500 NOo 450 100 15 8
NaNOz 480 Noo 550 250 50 40
Tale 1000 | w=vecceccccca- )800‘ > 800 >800}>800
NagBa07.10Hg0 50 NagBaO7+2H20,
| 8H,0 >600 300 150| +
' . \
Nap804.10H20 20 NasS04,10H20 >800[ >800 200 +
NapS0, 1200 memmeacaeeen= |5500 >600 600} 500

3prom reference 9. .

bFigures glven correspond approximately to concentration in
mg/liter calculated for uniform distribution.

CCarbon monoxide used had constant water content very little below
saturation value at 20°, which is 2.24 percent.

dphe signs ++ and + indicate that the flame ls more or less
enlivened. The sign > indicates that the flame seemed
impeded without being extinguished by the largest quantity
of powder that could be used in the apparatus.
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TABLE IV - RESULTS OF JORISSEN ON INFLUENCE OF
ADDITIVES ON INFLAMMABLE REGION OF METHANE-AIR
' MIXTURES AT ROOM TEMPERATURE®

Extingulshing ' | Amount required to render|Reference
substance noninflammable all CHy-
alr mixtures (percent by
volume )
POClx 1l 17
(CH3)2CH20H20H2Br 1.5 18
CHzCHpI 5.3 17
SiCly 5.6 17
S05C1o 7.0 17
CHzCHoCHoBr 7.6 / 17
CCly 7.8 13
SiHClg 8.0 17
COq 21.2 16
He 26 16
No 30.8 16
(CHz )3CCl | Flammable 16, 17

qLimits of explosion of CH4 in air were
approximately 6 and 14 percent CHy by

volume,
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TABLE V - RESULTS OF BUREAU OF MINES AND

SAFETY IN MINES RESEARCH BOARD ON INFLU=-

ENCE OF ADDITIVES ON INFLAMMABLE REGION
OF METHANE=ATR MIXTURES AT ROOM

TEMPERATURE®2
Extingulishing| Amount requlred to render|Reference
substance noninflammable all CH,-
alr mixtures (percent by
volume

CClgFg 11.5 22, 24
CCl, 12.2, 11.5 21, 22
CO2 25 19
Hg0 P2g.1 23
No 38 19
He 38.5 19
A 51 19
CoHoClo Inflammable 21

S NACA,

2Inflammable limits of CH4 in alr were
5+0- and 15.0=-percent CHy; by volume.

braken at 670 C.

Value for COg

temperature was 27.1 percent.

at this

282t
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TABLE VI - RESULTS OF BUREAU OF MINES ON INFLUENCE OF

ADDITIVES ON INFLAMMABLE REGIONS OF COMBUSTIBLE
GASES IN AIR AT ROOM TEMPERATURE AND ATMOSPHERIC

PRESSURE®
Combustible|Volumes of added gas required to render
noninflammable one volume of combustible
gas under all conditions

N, COy CCly | CClgFg | -COo/N,
Ho 1645 10.2 meem | eemee- 0.62
co 4.1 2.2 ceme | cmmee- «54
CHyq 6.0 3.3 1l.4 1.4 «55
CoHg 12.8 Ted e | mecee- «57
CzHg 14.9 7.9 -———— 2.8 53
C4H10 17.2 9.3 ———— 3.2 +54
CsHyo 22.3 | 12.2 come | cemees «55
CgHyg 25.0 | 14.0 e | emeee- «56
Gasoline ‘24,2 | 14.2 ———- 3.9 «59
CoHy 15.3 9.0 ——e= | memee- «59
CzHg 14.0 Te7 coee | cmeeaa «55
CHQ=CHCH=CH2 19.6 12.0 e L e T 61
CHo-CHgp 13.5 8.0 T B «59

“CHS ‘

CgHg ’ 2l.2 | 12.9 ceee | eeeee- 61
Average 0.57

A

aFpom reference 24.

45
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TABLE VII - INFLUERCE OF ADDITIVES OF INFLAMMABLE REGION OF
n-HEPTANE-ATR MIXTURES®
Extinguishing |Amount required to|Extinguishing|Amount required to
substance render noninflam- substance render noninflam-
mable all heptane- meble all CHy-air
air mixtures (per- mixtures (percent
cent by volume) by volume)
CFzCHBrCH3 4.9 CF3CHC1CH3 12,0 )
CBrFoCBrFy 4.9 CFzCHoCHC1 12,2
CHpBry 5.2 CC1Py 12.3
CFzCHoCHoBr 5.4 CoFg 13.4
CH3I 6.1 CClgFg 14.9
CBrFz 6.1 CHF3 17.8
CClFoCHBrCH3 6.4 CHC1Fo 17.9
CF3CHoBr 6.8 SFg 20.5
CoF11CoFs 6.8 CFy 26
1,3-CeF10(CF3)2 6.8 COg 29.5
1,4-CgF10(CFz)o 6.8 CHpClg Inflammable
CHoBrCH5CL 7.2 06H4(CF3)2-‘ Do.
CgF11CF3 7.5 CgH5CF3 Do.
CyP g 7.5 NFg3 Explosive
CHoBrCl 7.6 CoFa Inflammable
CC1FoCC1oF 9.0
CHzBr 9.7
C4F10 9.8
CClg 11.5

aFrom Purdue University investigation.

2921
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TABLE VIII - EFFECT OF 'INHIBITORS' ON THE
IGNITION TEMPERATURE OF 5.8-PERCENT
. METHANE-AIR MIXTURE®2

Substance Ignition Lag
temperature| (sec)
(°c)

I,, 0.2 percent 749 3.6
CHzCH2I, 0.03 percent 760 2.8
CH3CHgBr, 0.24 percent 744 346
CCly, 0.23 percent 689 3.0
Pb(CoHs)4, trace 707 55.0
No addition 632 - 18.5

2From reference 27.

TABLE IX - EFFECT OF PHOSPHORYL CHLORIDE ON
MEAN FLAME SPEED OF METHANE-AIR MIXTURES®

Mixture : Mean flame -
Amount CHg| Amount POClgz speed
(percent | (percent (cm/sec)
by volume)| by volume)
9.97 o 9245
9.84 1633 | mememeeeaaa
9.83 1.38 . 31
9.73 2.97 30
9.7 3.0 ‘28
9.6 Se9 31

aProm reference 34,

T e e et e o e e e e s e i e - e e oo .
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TABLE X - FIRE-EXTINGUISHING AGENTS FOR USE IN TYPE OF AIRCRAFT
| POWER-PLANT INSTALLATION TESTED®

Order| Power sectilon Accessory section Over all
of (o1l fires)
merit 011 fires with | Gasoline fires
‘'source 1n power| shut off before
section extinction (b)
1 CHSBr CHzBr CHzBr CHzBr
Mixture (A) Mixture (A)
2 | cog GO COg O,
CC1l, CCly
Mixture (C) NaHCOz
Mixture (C)
3 | NaHCOz KoCO0z el ccl
M%xture (B) Mix%ure (a) Mix%ure (C)
Mixture (C) Mixture (A)
4 | K003 E5C05 NagCOz
Mixturs (B)
5 K5CO5
Mixture (B)

Mixture (A) indicates a mixture of 30-percent methylbromide
and 70-percent carbon tetrachloride.

Mixture (B) indicates a mixture of 30-percent methylbromide
and 70-percent methylenechloride,

Mixture (C) indicates various mixture of carbon dioxide and
carbon tetrachlorilde.

Aprom reference 35,

bOnly methylbromide and carbon dioxide are considered satis-
factory for general use In type of engine Installation
tested.
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TABLE XI - NECESSARY MINIMUM QUANTITIES OF
BEXTINGUISHING AGENTS DETERMINED BY TESTS
BASED ON DURATION OF 2 SECONDSa
COo CHzBr Other
liquids
(1b)| (1b)|(qt)| (aqt)b
Power section 14,0 10.8(3.0 3.4
Accessory section| 5.8 4.41]1.2 1.6
01l cooler «6 1.4) .4 o4
Exhaust stack l.2 led} o4 N
Total 21.6 18.015.0 6.0
&pram reference 35,
bother 1iquids include: Carbon tetrachloride,
mlixture of 70-percent carbon tetrachloride
and 30-percent methylbromide, and mixtures
of carbon dloxide and carbon tetrachloride.
TABLE XII - QUANTITIES OF EXTINGUISHING AGENTS REQUIRED TO PUT
OUT STANDARD TEST FIRE®2
Amount of| Tlme of Type of Amount and type Time for
gasoline| burning| extinguisher of agent extinction
(ce) (sec) .
200 20 |[Wash bottle |18 cec CHgoClBr 1 sec
200 20 |Wash bottle } 200 cc CCl, Not extingulished
200 20 1 gt std. Pyrene (7cc) 9 sec
400 30 |1 qt std. CH5C1Br (?%cc) 1.5 sec
400 30 1 gt std. 1 qt.CCI4 Not extingulshed
400 30 |1 qt std. 1 qt Pyrens Not extinguished

2ppom reference 7.
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TABLE XIII - RESULTS OF TESTS TO CORRELATE EFFECTIVENESS
IN DECREASING LIMITS OF INFLAMMABILITY OF n-HEPTANE
IN AIR AND EFFECTIVENESS IN EXTINGUISHING A
SMALL TEST FIRE OF n-HEPTANE®

Gaseous Volume Amount required to
substances| necessary to make inflammablility
tested extinguish test limits coincide

fire, (ml) (percent by volume)
CC1F4 52 - 12.3
CHzBr 52 9.7
CClgoFsg 61 14.9
C0qg 125 29.5

8Fprom Purdue University investigation.
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TABLE XIV - FIRE-EXTINGUISHING BFFECTIVERSS OF COM-
POUNDS OF ALKALI METALS IN WATER SOLUTION®

Compound Concentratlion of Effect in
solution extinguishing
’ (smallest effective fire
normality]
Cesilum
Ckloride 0.8 Positive
Rubidium
Bitartrate .15 Do.
Chloride 1.0 Do.
Carbonate 1.5 Do.
Potassium
Bitartrate +15 Do.
Dichromate .2 Do.
Perchlorate 2 Do.
Anthranilate «25 Do.
Permanganate 3 Do.
Iodate 3 Do.
Gallate o3 Do.
Butyrate . .4 Do.
Citrate .4 . Doe
Lactate .6 Do.
Hydroxide 6 Do.
Chlorats 6 Do.
Iodide 6 Do.
Fluorilde 6 Do.
Acetate 7 Do.
Bicarbonate o7 Do.
Formate 8 Do.
Tartrate .8 Do.
Nitrite .9 Do.
Chloride 1.0 Do.
Nitrate 1.1 Do.
Oxalate 1.1 Do.
Carbonate 1.5 Do.
Bromate 1.5 Do.
Bromide 1.85 Do,
Sodium carbonate 2.5 bo.
Phosphate 4.0 Do.
Hydrogen sulfate 10.0 - Negative
Sodium
Acetate 1.0 Positive
Dichromate 2.0 Do.
Potassium carbonate .2.5 Do.
Nitrate 3.0 Do.
Lactate - 3.5 Do,
Chloride 4,7 Do.
Tartrate 6.0 Negative
Phosphate (di and tri) Saturated solution Do.
Lithium
Acetate 5.0 Posltive
Citrate 6.0 Negative
Nitrate 10.0 " Do
Chloride 15.0 Do.

8Ppom reference 39,

51
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TABLE XV - COMPARATIVE EFFECT OF ALKALI METALS WITH
INCREASE IN ATOMIC WEIGHT® —

Radical’ Li Na K Ru Cs

c1 b15.0 | 4.7 1.0 | 1.0 0.8
CHzCOo 5.0 1.0 o7 | mrmmmmee| wameea
HC4H40g | =======|-=--- .15 15 | mm=m-e-
NOz b10.0 | 3.0 1,10 | memmmmoe| —meeeee
C0z | =mmmmme|me——- 1.50 1.50 | cmmemme-

8prom reference 39,
PNo effect on fire (limit of solubility).

TABLE XVI - EFFECT OF POTASSIUM HALIDES WITH AND WITHOUT
COMBINED ' OXYGEN®@

Aprom reference 39,

Compound|Smallest || Compound| Smallest || Compound|Smallest
effectivef effective|- ‘ effective
normality normality normality

KI 0.6 K10z 0e3  f[~oememama] cmmmeeeas
KF' 06 ---------------------------------
KC1 1.0 KC104 .6 j KC10, 0.2
KBr 1.85 KBrOg 1e5 |fjr=mmmmmm e
“!ﬂ‘g"’

2SeT
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TABLE XVII - INFLUENCE OF SALTS ON FIRST EX-

PLOSION LIMIT OF THE HYDROGEN-OXYGEN

REACTIONE ’
Nature of | Pressure of| Relative values of
surface first 1limit the limit
(mm )
- Silica 0.5 1
KF 6.6 13
KCl 3.5 7
KBr 5.0. 10
KI 8¢5 17
KCI/KI
(1:1) 9.0 18
csCl 4.0 8
CsI 8.6 17
CaClg 1.2 2.4
BaCl, 1.3 2.6
K2804 5.2 10.4
“RAGA

8ppom reference 48,

53
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TABLE XVIII - CORRELATION BETWEEN RESULTS OBTAINED BY
DIRECT APPLICATION TO TEST FIRES AND THOSE OBTAINED
BY McBEE AND WELCH® IN EFFECT OF DECREASING LIMITS

’ OF INFLAMMABILITY OF HEPTANE IN AIR

Extinguishing Amount required to render
substance noninflammable (percent
by volume)
CHzI 6.1
CHy BrCl 7.6
CH;Br | ' 9.7
CCly 11.5
COg 29.5

8prom Purdue University investigation.
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Figure 1. - Varlation of percentages of oxygen, carbon-
dioxide, and carbon monoxide in residual gases (dried
and HBr removed) of flame of hydrogen at 50 liters

per hour fed by air contalning ethylbromide
(reference 8).
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Ignition temperature, °C
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Figure 3. - Ignitlon points of methane in air containing

free iodine (reference 28),
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Figure 4. - Ignition points of methane in air containing
ethylenebromide (reference 28),
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Figure 5. - Ignition points of methane in air containing
isoamylbromide (reference 28).
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Ignition temperature, ©C
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Figure 6. = Ignition points of methane in air containing
‘ bromobenzene (reference 28),
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Flgure 7. - Effect of different salts on rate of hydrogen-
oxygen reactlon at different temperatures (reference 48),
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